Introduction
============

Insecticides used for indoor residual spraying (IRS) or on bed nets are among the most effective ways of controlling malaria, cutting the malaria burden by as much as half in several African countries ([@b50]). However, as they kill mosquitoes shortly after exposure, it seems inevitable that higher insecticide coverage in scaled-up control efforts will speed up the evolution of insecticide resistance (e.g., [@b46]; [@b37]; [@b39]). Indeed, it is difficult to imagine stronger selection pressure than that imposed by insecticides. If coverage is high, most mosquitoes are exposed at their first attempt at biting and therefore die before having any offspring; their evolutionary fitness is 0. The rare mosquitoes harboring a mutation that makes them resistant to the insecticide, therefore, live much longer than sensitive mosquitoes, and their descendants will soon be the sole survivors of malaria control. Discovering a way to block the evolution of insecticide resistance would be a major breakthrough for public health.

We suggest that it might be possible to do so by manipulating the environment in a way that increases the sensitivity of resistant mosquitoes to insecticides and that increases the evolutionary cost of resistance. Both effects decrease the benefit of carrying the genes responsible for resistance and might therefore tip the evolutionary balance toward maintaining sensitivity.

The environment does indeed affect the sensitivity to insecticides. For instance, the resistance of *Culex pipiens* to chlorpyrifos is influenced by several environmental parameters: the food used to rear the larvae, the type of water, and the type of cups used to perform the bioassays ([@b5]), and the resistance of cotton aphids to bifenthrin, chlorpyrifos, endosulfan, and triazamate depends on the characteristics of their host plant ([@b16]). Most relevant to our suggestion is that infecting DDT- or pyrethroid-resistant adult *Anopheles* with pathogenic fungi *Beauveria bassiana* or *Metarhizium anisopliae* restores their sensitivity to the insecticides ([@b14]).

Furthermore, the cost of resistance of *C. pipiens* to organophosphates is increased if the mosquitoes are infected by the microsporidian parasite *Vavraia culicis* ([@b1]) or reared at high larval densities ([@b6]); the fitness cost of permethrin resistance of *C. pipiens* is enhanced if the mosquito is exposed to temephos, another insecticide ([@b19]); and in the diamondback moth, the cost of resistance to spinosad is low at the optimal temperature and increases at unfavorably low and high temperatures ([@b29]), and the cost of resistance to *Bacillus thuringiensis* increases in harsh and competitive environments ([@b40]).

Thus, stress caused by environmental conditions, by other insecticides, or by parasitic infection can affect the expression and the evolutionary cost of resistance. We include this interaction in a mathematical model to show that, despite very intense selection pressure induced by insecticides, it may be possible to block resistance with moderate levels of stress influencing the expression and cost of resistance. We then use the microsporidian *V. culicis* as an example to show that, at least in simple laboratory situations, we can manipulate a single environmental factor to influence both parameters -- the benefit and the cost of resistance -- in a way that might tip the evolutionary balance sufficiently to block the evolution of resistance. Thus, while our experiments should not be taken as a conclusive test of our idea, our suggestion -- realized with *V. culicis* or another stress factor -- is a promising approach to manage the growing problem of insecticide resistance.

Materials and methods
=====================

Study organisms
---------------

Our experiments involved three colonies of *Anopheles gambiae*: a DDT-resistant colony (ZANU) from Zanzibar with increased metabolism of the insecticide, catalyzed by members of the glutathione S-transferase enzyme family ([@b501]); a mildly pyrethroid-resistant colony (RSP) from western Kenya with elevated esterase and oxidase levels ([@b47]); and a sensitive colony (Kisumu), which was also colonized from western Kenya and is sensitive to all insecticides ([@b46]).

As a biopesticide, we chose the microsporidian *V. culicis*, an obligate, intracellular parasite of several mosquito species ([@b4]; [@b2]), with a life cycle typical of microsporidians ([@b2]). Mosquito larvae are infected when they ingest the parasite\'s spores along with their food. Some infected larvae and pupae die and release a new generation of the parasite\'s spores for horizontal transmission to other larvae. If the mosquitoes survive to emerge, the adults remain infected. The parasite has several effects on the adult, including a shorter life span ([@b24]; [@b31]) and reduced susceptibility to malaria ([@b3]). Although there is no transovarial vertical transmission, spores harbored by adult females can infest a new breeding site when they are released together with eggs ([@b2]). The prevalence of only a few microsporidian species in natural populations has been estimated; in populations of *Aedes* mosquitoes, it ranges from 0% to about 50%, while the only study on *A. gambiae* found 6.6% prevalence in larvae ([@b2]).

Experimental procedures
-----------------------

We reared uninfected and infected mosquitoes according to our standard laboratory practices (e.g., [@b18]; [@b27]; [@b15]). Briefly, mosquitoes were reared individually in 12-well plates and fed with a standard amount of Tetramin fish food. We obtained microsporidian spores by homogenizing infected adult mosquitoes and then counting the spores at 400× magnification with a haemacytometer. The solution was diluted to 20 000 spores/100 μL. Each well obtained 100 μL of this solution when larvae were 2 days old. In earlier experiments, this infectious dose infected more than 95% of the larvae, but killed them only rarely. Controls received 100 μL of solution containing the same number of uninfected adults.

### Restored sensitivity

Resistance of the ZANU mosquitoes to DDT and resistance of the RSP mosquitoes to permethrin were measured in separate experiments with the standard World Health Organisation test-kit according to WHO guidelines ([@b49]). Mosquitoes were exposed to the insecticide 2 or 3 days after emergence in the WHO testing-tubes containing between 2 and 11 mosquitoes. To measure DDT resistance of ZANU, we exposed the mosquitoes to DDT-treated filter paper (4%) for 0, 45, 90, or 135 min. For permethrin resistance, we exposed the mosquitoes to permethrin-treated filter paper (0.75%) for 0, 15, or 30 min. We chose the times based on earlier experiments, so that we could expect (i) that most uninfected, resistant mosquitoes die at the longest exposure and (ii) that more than 75% of uninfected, sensitive mosquitoes die at the shortest (non-zero) exposure. After exposure, the mosquitoes were transferred to clean holding tubes and provided with cotton balls moistened with saturated sugar solution. The number of dead mosquitoes in each tube was scored 24 h after exposure, and the number of deaths within each tube was analyzed with the statistical package JMP 8.0.2 (SAS Institute, Cary, NC) with a GLM (binomial distribution and logit link) that included replicate (for ZANU), infection status as a nominal factor, time of exposure as an ordinal factor, and the interaction of infection and exposure. For DDT resistance, we ran the experiment twice, one replicate with 504 and the other replicate with 398 mosquitoes. For permethrin resistance, we had one replicate and analyzed 152 mosquitoes. (Mosquitoes in several tubes were inadvertently not sugar-fed and were therefore left out of the analysis.)

### Increased cost of resistance

The longevity of unexposed mosquitoes was measured for sensitive, ZANU, and RSP mosquitoes in a single experiment. We reared uninfected and infected mosquitoes individually. Pupae were placed into open 1.5-mL Eppendorf tubes within 50-mL Falcon tubes covered with mosquito netting. Females were provided with cotton balls moistened with saturated sugar solution; males were discarded. Survival was assayed every 24 h. The lengths of the wings of the dead individuals were measured from the alula notch to the wing tip with a dissecting microscope. There were between 23 and 96 mosquitoes per treatment (mosquito line and infection status); differences were because of variation among treatments in number of mothers in the colonies, in fecundity, and in larval survival. Longevity was analyzed with JMP 8.0.2 (SAS Institute) with a survival analysis \[Weibull distribution; using proportional hazards (results not shown) gave identical conclusions\] that included mosquito line, *Vavraia*-infection, wing length, and the interactions between the three traits.

Theory
------

We modeled the evolution of resistance by assuming that, over evolutionary time, the mosquitoes with the highest lifetime reproductive success will replace the others. We further assumed that fecundity and mortality rate do not change with age, so a mosquito\'s expected lifetime reproductive success is proportional to the average number of gonotrophic cycles it lives, which in turn is the inverse of mortality per gonotrophic cycle.

To calculate the survival from one gonotrophic cycle to the next, we assumed that the insecticide is used in IRS and that the proportion of sensitive mosquitoes killed by the insecticide within a gonotrophic cycle, which we call 'effective coverage'*c*, is determined by a combination of the proportion of houses sprayed (the 'population coverage'), the proportion of mosquitoes that enter houses to bite (i.e., that are not repelled), and the proportion of the mosquitoes biting indoors that are killed (the 'efficacy' of the insecticide). (See below for details about how to combine these factors to obtain effective coverage.) Thus, IRS decreases the survival of sensitive mosquitoes from one gonotrophic cycle to the next from (1 − *μ*)^*τ*^ to (1 − *μ*)^*τ*^(1 − *c*), where *μ*, the daily background mortality (unrelated to the insecticide), is set to 0.1 ([@b9]; [@b8]; [@b43]; [@b23]; [@b34]; [@b35]) and where the gonotrophic period of *τ* days is not influenced by the use of insecticides ([@b38]). We further assume that the cost of resistance of uninfected mosquitoes is negligible and thus that the survival of resistant mosquitoes over a gonotrophic cycle is equal to that of unexposed, sensitive mosquitoes: (1 − *μ*)^*τ*^.

We considered two effects of infection by the microsporidians. First, it restores insecticide sensitivity to some degree, so that the survival of genetically resistant mosquitoes is (1 − *μ*)^*τ*^(1 − c*β*), where *β* is the extent to which the microsporidian restores sensitivity. Thus, if *β* = 0, the microsporidian has no effect on resistance, so the insecticide cannot kill the resistant mosquitoes, and their survival is (1 − *μ*)^*τ*^. If *β* = 1, the insecticide affects genetically resistant mosquitoes to the same extent as sensitive ones. (Note that our definition of sensitivity, *β*, incorporates all mechanisms, including behavioral ones, that are involved in the mosquitoes' response to insecticides. See discussion of Effective coverage, below.) Second, in the absence of the insecticide, resistant mosquitoes are more susceptible to the damaging effects of microsporidian infection than sensitive ones. This changes the background survival of resistant mosquitoes from (1 − *μ*)^*τ*^ when they are not infected to (1 *− μγ*)^*τ*^ when they are, where *γ* indicates the extent to which the microsporidian increases the background mortality. Overall, the survival of mosquitoes thus changes from (1 − *μ*)^*τ*^(1 − *c*) for insecticide-sensitive mosquitoes to (1 − *μγ*)^*τ*^(1 − *cβ*) for microsporidian-infected resistant ones.

The longevity of sensitive mosquitoes is thus . The average longevity of resistant mosquitoes is the mean of the longevity of microsporidian-infected and uninfected mosquitoes. If the microsporidian infects a proportion *π* of the mosquitoes, the average longevity of resistant mosquitoes is .

Effective coverage
------------------

As effective coverage (the degree to which the mosquito population is affected by the insecticide) is one of the main parameters in our model, we need a way to estimate it and, in particular, to relate it to population coverage (the proportion of the human population covered by the insecticide). We describe two ways to do so. One is based on a feeding cycle model ([@b28]) that calculates the survival of insecticide-sensitive mosquitoes per gonotrophic cycle as a function of the behavioral response of the mosquitoes to insecticides. The model assumes that the feeding cycle is divided into two parts. First, mosquitoes search for hosts until they are successful or die; mosquitoes complete this part of the cycle in *τ*~1~ days and survive it with a probability p~1~. At each biting attempt, they bite outdoors with probability *H*; if not, they encounter an insecticide-treated house with a probability *ϕ*. Mosquitoes are then either repelled and repeat the host-searching cycle at a probability *r*, or they are not repelled and successfully feed with probability (1 − *r*)*s* or are killed by the insecticide with probability (1 − *r*)(1 − *s*). Second, once mosquitoes have successfully fed, they rest during *τ*~2~ days before laying eggs, and they survive this resting period at a probability p~2~. With these assumptions, the proportion of mosquitoes that survive the gonotrophic cycle and thus lay eggs is \[where *τ*~1~(0) is the searching period and *τ*(0) is the time of the gonotrophic cycle if mosquitoes are not repelled by an insecticide ([@b28])\]. It should be noted that the parameters used in these equations are defined differently than the ones in [@b28], so that the form of our equation is slightly different. To relate this equation to our evolutionary model, described above, we set p equal to (1 − *μ*)^*τ*^(1 − *c*), enabling us to calculate the effective coverage *c* as a function of the mosquitoes' response to insecticides. According to the model\'s assumptions, repeated repellency increases the duration of the gonotrophic cycle from *τ*(0) to ([@b28]). However, unless the parameters associated with host searching -- indoor biting 1 − *H*, coverage *ϕ*, and repellency *r*-- are all close to 1, the gonotrophic cycle will be close to that observed in the absence of insecticide use, which is about 3 days. We, therefore, assume *τ* = *τ*(0) = 3 for the analysis.

The second way is to use studies that estimate the selection coefficient of insecticide resistance from the rate of evolution of resistance (e.g., [@b11]; [@b52]; [@b32]). In basic population genetic models, the selection coefficient measures the difference of the reproductive successes of resistant and sensitive mosquitoes relative to that of sensitive ones (see [@b32]), so the selection coefficient can be written as . Effective coverage can thus be estimated from published estimates of selection coefficients and the background mortality of mosquitoes.

Results
=======

Experiments
-----------

### Restored sensitivity

Our ZANU line showed considerable resistance to DDT. While WHO defines sensitive mosquitoes as those that die within 24 h after having been exposed to the concentration used in our study for 60 min, only 45% died after 135 min of exposure ([Fig. 1A](#fig01){ref-type="fig"}). Infection by the microsporidian increased the mortality in particular at intermediate exposures ([Table 1](#tbl1){ref-type="table"}): from 4% to 28% after 45 min of exposure and from 18% to 54% after 90 min of exposure.

![Experimental effects of *Vavraia* on mortality of insecticide-resistant mosquitoes. In both panels, red symbols and lines represent permethrin-resistant mosquitoes (RSP line) and blue symbols and lines represent DDT-resistant mosquitoes (ZANU line); in panel B, black lines represent sensitive mosquitoes (Kisumu line). Solid symbols and lines represent microsporidian-infected mosquitoes; open symbols and dotted lines represent uninfected mosquitoes. (A) The proportion of insecticide-resistant mosquitoes dying within 24 h after exposure to permethrin (RSP line) or DDT (ZANU line), as a function of *Vavraia*-infection. Exposure time is shown on the *x*-axis. The vertical lines show the 95% confidence intervals of the proportion. (B) Survival curves of permethrin-resistant, DDT-resistant and insecticide--sensitive mosquitoes not exposed to the insecticide, as a function of *Vavraia*-infection.](eva0005-0283-f1){#fig01}

###### 

GLM (with binomial distribution) of 24-h mortality after exposure of uninfected and *Vavraia*-infected mosquitoes to insecticides

                              ZANU: DDT   RSP: permethrin                        
  --------------------------- ----------- ----------------- --------- --- ------ -------
  Replicate                   1           9.6               0.002                
  Exposure time               3           178.7             \<0.001   1   10.7   0.005
  Infection                   1           2.8               0.09      2   1.9    0.166
  Exposure time × infection   3           10.3              0.017     2   6.2    0.046

As permethrin kills mosquitoes after a shorter exposure than does DDT, exposures were shorter for RSP than for ZANU. RSP was moderately resistant to permethrin: after 30 min of exposure, 50% died within 24 h (compared with 95% in our sensitive colony, unpublished data) ([Fig. 1A](#fig01){ref-type="fig"}). Again, infection by the microsporidian increased mortality in particular at the intermediate exposure ([Table 1](#tbl1){ref-type="table"}): after 15 min mortality increased from 7% to 63%, while after 30 min mortality increased from 50% to 67%.

### Increased cost of resistance

In the absence of the insecticides, there was little difference between the survival curves of the three lines of mosquitoes ([Fig. 1B](#fig01){ref-type="fig"}). In the sensitive Kisumu line, the microsporidian decreased longevity slightly, but in both resistant lines (RSP and ZANU), infection decreased longevity by more than a third: from 9.9 to 6.0 days for ZANU and from 10.4 to 6.7 for RSP, respectively ([Table 2](#tbl2){ref-type="table"}). We controlled for wing length in the analysis, as longevity decreased with increasing size (for infected mosquitoes about 5.4 days shorter life per 1 mm longer wings; for uninfected mosquitoes about 4.9 days shorter life per 1 mm longer wings) and as microsporidian infection slightly increased the wing length of RSP (from 2.9 to 3.0 mm) and of ZANU (from 2.8 to 2.9) mosquitoes and slightly decreased wing length of Kisumu mosquitoes (from 3.1 to 3.0 mm). In an analysis that did not control for wing length, the results (not shown) were similar.

###### 

Survival analysis (Weibull distribution) of the three lines of mosquitoes (sensitive Kisumu, DDT-resistant ZANU and permethrin-resistant RSP) with and without infection by *Vavraia culicis*

                                   df   χ^2^   *P*
  -------------------------------- ---- ------ ---------
  Mosquito line                    2    20.7   \<0.001
  Infection                        1    34.8   \<0.001
  Wing length                      1    29.7   \<0.001
  Line × infection                 2    36.4   \<0.001
  Line × wing length               2    15.1   \<0.001
  Infection × wing length          1    2.0    0.153
  Line × infection × wing length   2    0.4    0.817

Theory
------

Restored sensitivity (i.e., smaller evolutionary benefit of carrying resistance genes) and increased cost of resistance in the absence of exposure can shift the evolutionary balance to a degree that resistance disappears from the population. To illustrate this, we assumed that the mosquitoes with greater reproductive success would replace the others. We further assumed that fecundity is independent of age and that we could therefore estimate reproductive success of sensitive and resistant mosquitoes from their average life spans. As described in the methods, the average longevity of sensitive mosquitoes is 1/\[1−(1 − *μ*)^3^(1 − *c*)\] and that of resistant mosquitoes is (1 − *π*)/\[1−(1 − *μ*)^3^\] + *π*/\[1−(1 − *μγ*)^3^(1 − *cβ*)\], where *π* is the proportion of mosquitoes infected by the biopesticide, *μ* is the background mortality per day of the mosquitoes, *c* is the effective coverage, *γ* indicates the extent to which the biopesticide increases the background mortality rate (i.e., the increased cost of resistance) and *β* is the extent to which the biopesticide restores sensitivity. Estimating the outcome of evolution is then simply a question of evaluating whether the longevity of resistant mosquitoes is greater or less than the longevity of sensitive ones.

[Figure 2A](#fig02){ref-type="fig"} describes a situation where all of the mosquitoes are infected and shows the increased cost of resistance necessary to block the evolution of resistance (i.e., to reduce the longevity of resistant mosquitoes below that of sensitive ones). If sensitivity is completely restored (i.e., if genetically resistant mosquitoes are as sensitive to the insecticide as are genetically sensitive ones; *β* = 1), any reduction of the resistant mosquitoes' life span prevents the evolution of resistance (horizontal, dotted line). As the extent to which sensitivity is restored decreases, the effect of the biopesticide required to block the evolution of resistance increases. It should be noted that, even if the biopesticide has no effect on sensitivity, it can block the evolution of resistance, if it sufficiently increases the cost of resistance (solid line). It should also be noted that with increasing coverage by the insecticide, the required cost of resistance imposed by the biopesticide increases more than linearly.

![Evolutionary predictions. The lines show, as a function of effective coverage, the effect of the biopesticide on the mortality of insecticide-resistant mosquitoes where the reproductive successes (estimated as expected longevity, see Materials and methods) of resistant and sensitive mosquitoes are equal. Above the line, the success of resistant mosquitoes is lower than that of sensitive ones, so the evolution of resistance is blocked. In both panels, the lines shows the situation where the biopesticide has no effect on the expression of resistance (*β* = 0, solid line), sensitivity is partially restored (*β* = 0.5 or 075, long- and short-dashed lines), and where sensitivity us completely restored, i.e., genetically resistant mosquitoes are as sensitive as genetically sensitive mosquitoes (*β* = 1, dotted line). (A) The extent to which the biopesticide must increase mortality rate (decrease longevity) of resistant mosquitoes to block resistance, if all mosquitoes can be infected by the biopesticide. (B) The proportion of the mosquitoes that must be infected by the biopesticide to block resistance, if the biopesticide increases the cost of resistance two-fold (*γ* = 2).](eva0005-0283-f2){#fig02}

[Figure 2B](#fig02){ref-type="fig"} shows the prevalence of the biopesticide required to block resistance for a biopesticide-induced increase of the cost of resistance *γ* = 2, which is similar to what was observed in our experiment. At high effective coverage, it is not possible to block the evolution of resistance unless the restoration of sensitivity is complete (*β* = 1, dotted line). Yet, even with complete restoration of sensitivity, the strong selection imposed by insecticides means that over most of the range of effective coverage a large proportion of mosquitoes must be reached by the biopesticide so that resistance can be blocked. Nevertheless, even if the biopesticide has no effect on resistance (*β* = 0, solid line), an increased cost of resistance means that resistance can be prevented if the effective coverage is sufficiently low.

Effective coverage
------------------

### From epidemiological model

[Figure 3](#fig03){ref-type="fig"} shows the effective coverage as a function of population coverage (the proportion of houses treated with the insecticide) predicted from a detailed model of the mosquito\'s feeding cycle. The curves illustrate the situations for realistic parameters: 60% repellency ([@b28]) to 90% repellency ([@b42]) and no outdoor biting or 10% outdoor biting per feeding attempt ([@b41]). The other parameters are as in [@b28]: 10% daily mortality and 25% biting success of the mosquitoes that are not repelled (Note that, we describe biting success relative to the mosquitoes that are not repelled and thus enter the house to feed; Le Menarch et al. describe it relative to all blood-seeking mosquitoes. Therefore, the numerical value for success differs in the two approaches.) With these parameters, effective coverage is generally considerably lower than population coverage, and exceeds 50% only when population coverage is close to 100% ([Fig. 3](#fig03){ref-type="fig"}). If outdoor biting or the biting success was higher, effective coverage would be even lower (results not shown).

![The relationship between effective coverage (the proportion of mosquitoes killed by the insecticide during a gonotrophic cycle) and population coverage (the proportion of houses treated with the insecticide) predicted by a model describing the effects of an insecticide on the feeding cycle of mosquitoes. The model takes into account that some mosquitoes bite outdoors (and are thus not exposed to the insecticide), that some mosquitoes are repelled by the insecticide (and thus are unlikely to enter a treated house) and that some of the mosquitoes that bite within houses are not exposed to the insecticide long enough to be killed by it.](eva0005-0283-f3){#fig03}

### From selection coefficient

The low effective coverage is corroborated by population genetic studies, showing that even in areas with high population coverage, the selection coefficient is usually lower than 0.5, that is, resistant mosquitoes have less than 50% higher fitness than sensitive ones (e.g., [@b11]; [@b52]; [@b32]). Relating effective coverage and the selection coefficient as (see Materials and methods), with *μ* = 0.1/day, implies that effective coverage is generally less than about 30%.

Discussion
==========

Our models suggest that, by partially restoring the sensitivity of genetically resistant mosquitoes to the insecticide and decreasing their longevity when they are not exposed to the insecticide, increased stress (e.g., through a biopesticide such as *V. culicis*) may change the evolutionary balance sufficiently to block the evolution of resistance. Our idea is similar to a recent approach to manage the evolution of antimalarial resistance. Dual function acridones have an antimalarial function and sensitize parasites that are genetically resistant to chloroquine and other drugs. Therefore, using them in combination therapy with a traditional antimalarial should help to enhance their efficacy and prolong their effective life span ([@b22]).

The four relevant parameters underlying the possible success of our suggestion are the degree to which stress restores sensitivity and increases the evolutionary cost of resistance, the effective coverage by the insecticide, and the prevalence of the stress. Below we discuss these in turn.

While several studies (see Introduction) have shown that various aspects of stress influence sensitivity to insecticides and the cost of resistance, our experimental results are particularly promising in showing that a single factor -- infection by *V. culicis*-- can influence both parameters to a degree that suggests it could block the evolution of resistance. These experimental results, however, should be accepted with caution. A laboratory-based comparison of three colonies of mosquitoes, which probably differ in other aspects than insecticide resistance, is not necessarily a good indication of the effect of resistance on the measured traits. An essential next step is to run similar experiments in natural situations with mosquitoes that vary in the degree of insecticide resistance.

Insecticides can impose very strong selection, as at a high coverage almost all mosquitoes are exposed to the insecticide at their first biting attempt and therefore, die without having laid any eggs. This is reflected in the prediction that at high coverage, resistance can only be blocked if the biopesticide (or any other mechanism with which stress is manipulated) affects close to 100% of the mosquitoes ([Fig. 2B](#fig02){ref-type="fig"}) and has substantial impact on at least one of the two parameters -- restored sensitivity or increased cost of resistance. However, what is relevant for evolution is what we call 'effective coverage', which is the proportion of mosquitoes that are killed by the insecticide during a single gonotrophic cycle. This is generally much lower than population coverage. As the insecticides currently used for the control of adult mosquitoes repel mosquitoes, many mosquitoes do not fly into treated houses, leave them shortly after entering them or, after having obtained a blood-meal in a treated house, leave it before having been exposed to the insecticide long enough to be killed. Our theoretical prediction of the feeding behavior of mosquitoes (based on [@b28]) suggests that the effective coverage is generally lower than 50% even if most houses are treated. This is corroborated by population genetic studies, which have generally estimated that in areas with high coverage the fitness of resistant mosquitoes is not more than 50% higher than that of sensitive ones ([@b11]; [@b32]), suggesting that effective coverage is less than about 30%. It is further corroborated by field studies showing that when almost all houses are covered, resistance evolves over a period of several years ([@b36]; [@b33]), which is considerably more slowly than predicted for high effective coverage ([@b25]). Finally, in trials of insecticide-treated nets and IRS with population coverage of close to 100% transmission was reduced less than 10-fold in East and West Africa (reviewed in [@b10]), consistent with effective coverage of up to 25% ([@b25]). Overall, thus, even in areas where most houses are treated with insecticides, their effective coverage appears to be fairly low, enabling the possibility to block the evolution of insecticide resistance with a biopesticide. Nevertheless, a problem is that, even at moderate effective coverage, a high proportion of the mosquitoes must be reached by the environmental manipulation ([Fig. 2B](#fig02){ref-type="fig"}).

Reaching a large number of mosquitoes is a problem for any control agent, but may be more easily achieved with the microsporidian *V. culicis* or other parasites with a similar life cycle than with other agents, as they offer three possibilities of infection. Spores can be dispersed over breeding sites to infect larvae ([@b2]); they can be fed to adults via sugar traps (Jacob C. Koella, unpublished results, [@b48]); they are also dispersed by infected females when they are released into breeding sites during oviposition ([@b2]). Thus, while the natural prevalence of *V. culicis* (like of most microsporidians of mosquitoes) is low (6.6% of the larvae in a West African population of *A. gambiae* ([@b2])), a combination of continually distributing the spores to larval sites, infecting the adults through sugar baits ([@b17]) and auto-dispersal during oviposition, may maintain high prevalence.

A potential problem with our idea is that the shorter life span of infected, insecticide-resistant mosquitoes might select for resistance against the microsporidian, in particular under the intense exposure required, thus making it useless in controlling insecticide resistance. Indeed, experimental exposure of *Daphnia* ([@b53]) and of *Drosophila* ([@b45]) to microsporidians leads to increased resistance. However, we suggest that the very success of our idea would mean that the selection pressure for resistance against the microsporidian is weak. If the microsporidian can indeed block the evolution of resistance, it will infect almost exclusively sensitive mosquitoes. In these, however, infection had essentially no effect on the longevity ([Fig. 1B](#fig01){ref-type="fig"}). This corroborates our other experiments with insecticide-sensitive mosquitoes ([@b31]). The higher infectious doses used in these experiments had a greater impact on the mosquitoes, but the effects were apparent mostly in old mosquitoes: the infection had no effect on larval survival, had little effect on fecundity up to the third clutch but decreased fecundity in the fourth clutch, and had little effect on mortality rate up to about 2 weeks after emergence but let only few of the mosquitoes survive beyond 3 weeks ([@b31]). As selection intensity decreases with age ([@b51]), our results suggest that selection pressure for the resistance against the microaporidian will be weak.

In discussing the possible evolutionary consequences of using a biopesticide, we assumed that the only selection pressure for resistance is caused by the use of the insecticide for malaria control. Indeed, in several areas insecticide resistance evolved as a consequence of IRS ([@b30]), and in a recent controlled field trial in Mexico, *Anopheles* populations went from 0% to 20% resistance in 3 years of IRS ([@b36]). There are also concerns and some evidence that insecticides on bed nets will drive resistance evolution ([@b12]; [@b26]; [@b20]; see recent comments in [@b7]). In western Kenya, for example, the frequency of resistance alleles increased from virtually 0% to 100% between 1996 and 2010, coincident with the substantial scale-up of the use of insecticide-treated nets ([@b33]). Nevertheless, much resistance appears to be a consequence of using the insecticides for agricultural purposes ([@b12]; [@b13]). In such cases, although the ideas underlying the evolutionary consequences of using a biopesticide remain valid, the potential to block resistance may be considerably weakened, as agricultural use imposes additional selection pressure. To predict the evolution of insecticide resistance, we need a quantitative estimate of the relative importance of selection pressures to agricultural and medical use of insecticides. Yet, even if evolution is not blocked, the dual function of restored sensitivity and increased cost (i.e., shorter life of unexposed mosquitoes) target the most important parameter of malaria transmission -- the longevity of mosquitoes -- and thus would help to maintain the epidemiological efficacy of insecticides even in populations with wide-spread resistance.

In conclusion, we suggest that manipulating the environment in a way that restores sensitivity to insecticides and increases the cost of resistance may help to manage the problem of insecticide resistance, and indeed may block the evolution of resistance. This may be possible in several ways. One possibility is to use a second insecticide that not only kills mosquitoes but also restores their sensitivity against the first one, an analogous approach to the possibility of using PBO, a deltamethrin synergist, to restore sensitivity to deltamethrin ([@b44]) and to the suggestion to manage the evolution of antimalarial resistance ([@b22]). Another approach may be to use biopesticides such as entomopathogenic fungi, *B. bassiana* or *M. anisopliae*, which restore the mosquitoes' sensitivity to insecticides ([@b14]), or microsporidians like *V. culicis*, which in our experiments had several properties that make it a promising candidate.

Much more needs to be done before manipulating the environment to control the evolution of insecticide resistance becomes a reality. In particular, we need a better understanding of the factors underlying sensitivity to insecticides. While science has made considerable progress at understanding some aspects of the genetic basis of resistance ([@b21]), we know much less about the impact of environmental variation (including infection by the biopesticide) on resistance, about the cost of resistance, and about the environment\'s contribution to the evolution of resistance in natural populations. Without this knowledge, it is difficult to predict how best to manage the environment to block resistance.

Nevertheless, our theoretical and empirical approach suggests that the synergistic effect of a biopesticide and the chemical insecticide can enhance the efficiency and increase the effective life span of the insecticide in malaria control programs. Thus, biopesticides might enable us to use our most effective weapons against malaria -- IRS and insecticide-treated bed nets -- as long as malaria remains a public health problem.
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